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in the pellet fraction as determined from LC–MS/MS and 
SDS-PAGE. In conclusion, the proteins in the soluble frac-
tion that contained hemolymph proteins were more easily 
digestible than the insoluble, muscle protein-containing 
fractions.
Keywords Insect protein · Tenebrio molitor · In vitro 
digestion · Protein identification · LC–MS/MS
Introduction
The Yellow mealworm (Tenebrio molitor) of the order 
Coleoptera is currently reared as fish bait or as feed for fish, 
amphibians, reptiles, turtles, birds, fowls, and small mam-
mals kept as household pets or in zoos [1]. The protein con-
tent of the Yellow mealworm ranged from 24.3 to 27.6 % in 
fresh insects (63–69 % in dry matter), which is comparable 
to conventional meat protein sources (about 15–22 %) [1–
3]. In studies on protein quality, Yi et al. [4] reported that 
the Yellow mealworm contains all the essential amino acids 
needed for human nutrition.
However, the nutritional value of a food protein is evalu-
ated not only by its amino acid composition, but also by 
protein digestibility. Protein digestion in humans generally 
starts with pepsin cleavage in the stomach, subsequently 
trypsin and chymotrypsin digestion in the intestinal lumen, 
and the last step includes cleavage by proteases present on 
the intestinal surface [5]. In vitro digestion is often used 
as an approximation for in vivo processes [6]. The major 
advantage of an in vitro method is that the procedure of 
digestion is relatively simple and rapid in comparison with 
in vivo digestion. However, in vitro methods cannot mimic 
completely real pH and temperature conditions in the 
digestive system. Furthermore, in vitro experiments often 
Abstract The nutritional value of insect protein is evalu-
ated not only in amino acid composition, but also in pro-
tein digestibility. The general amino acid composition 
of Tenebrio molitor has been reported before, but limited 
knowledge is available on its digestibility. The objective 
of this study was to investigate in vitro protein digest-
ibility of whole T. molitor larvae, a water-soluble frac-
tion (supernatant) and water-insoluble fractions (pellet 
and residue), and to identify which proteins were present 
in the fractions studied. The digestibility of the superna-
tant fraction (~80 %) was much higher than that of pellet 
(~50 %) and residue (~24 %) after in vitro gastroduodenal 
digestion as was determined using the o-phthaldialdehyde 
(OPA) method. More proteins were digested after pepsin/
pancreatin digestion than after only pepsin digestion. The 
most abundant proteins in the supernatant were hemo-
lymph protein (~12 kDa), alpha-amylase (~50 kDa, a puta-
tive allergen), and muscle proteins (e.g. actin 30–50 kDa) 
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give lower protein digestibility values than in vivo studies 
[7].
During protein digestion and absorption in the human 
body, protein is broken down to amino acids and peptides 
by digestive enzymes [5]. Afterward, free amino acids 
and small peptides are absorbed through the gastrointes-
tinal wall. The extent of protein hydrolysis can be evalu-
ated by measuring the degree of hydrolysis (DH). The DH 
is defined as the percentage of the total number of peptide 
bonds in a protein that have been cleaved during hydroly-
sis [8]. Several methods to measure protein hydrolysis were 
reviewed by Rutherfurd [8]: (1) determining the amount 
of nitrogen released during hydrolysis (after precipitation 
by acids like trichloroacetic acid) by the Kjeldahl method; 
(2) quantifying the amount of free amino groups released 
during hydrolysis by formol titration; (3) measuring com-
pounds that react specifically with amino groups such as 
trinitrobenzenesulfonic acid (TNBS), o-phthaldialdehyde 
(OPA), and ninhydrin [8]; (4) determining the protons 
released during hydrolysis by titration to calculate the DH 
(pH stat method) [9]. Nielsen et al. [10] and Schasteen 
et al. [11] stated that prediction of amino acid digestibil-
ity of food proteins in vitro assays by using o-phthaldial-
dehyde (OPA) is more rapid and accurate when compared 
to other methods. However, the reaction between cysteine 
and OPA reagent is weak and unstable, which could lead to 
underestimation of protein hydrolysis [9].
There is no literature on protein digestibility of T. 
molitor as a whole or on its extracted protein fractions. 
However, protein digestibility of other edible insects has 
been reported. Protein digestibility of eri silkworm (Samia 
ricinii) pupae was about 87 % determined via the Kjel-
dahl method using a nitrogen factor of 6.25 mentioned by 
Longvah et al. [12] as tested on rats by in vivo digestion. 
Furthermore, protein digestibility via in vitro methods 
using pepsin–pancreatin was found to be around 91 % in 
fresh termites of the species Macrotermes subhylanus and 
82–86 % in the grasshopper Ruspolia differens, as deter-
mined by TCA-nitrogen content. The values obtained were 
comparable to the values reported of conventional animal 
sources (89 % for whole beef, 90 % for pork, 78 % for tur-
key, and 85 % for salmon) [13]. According to Ramos-Elor-
duy et al. [14], protein digestibility of 21 selected types of 
edible insect species in Mexico was found to be 60–98 % 
based on nitrogen content analyzed after in vitro digestion.
The studies that deal with protein digestibility of insects 
do not give any information on the types of proteins that 
are digested. The reason for this is that very limited knowl-
edge exists on which bulk proteins are present in insects 
[15]. Mass-spectrometry-based methods can be used for 
protein identification. Often tryptic digestion of proteins 
into peptides is performed as a pre-treatment since peptides 
can be identified more easily and at a much higher sensitiv-
ity than proteins. A strength of tandem mass spectrometry 
is the inherent ability to sequence peptides directly from 
mixtures [16].
Yi et al. [4] extracted one water-soluble protein frac-
tion (supernatant) and two water-insoluble protein frac-
tions (pellet and residue) from T. molitor using an aqueous 
extraction method. In that study, the fractions were char-
acterized in terms of protein content and molecular weight 
by SDS-PAGE. The objective of the present study was to 
identify proteins using LC–MS/MS and investigate pro-
tein digestibility (in vitro) of the ground whole insect and 
its fractions (supernatant, pellet, and residue) obtained by 
aqueous extraction according to Yi et al. [4].
Materials and methods
Materials
Tenebrio molitor larvae were purchased from a commer-
cial supplier (Kreca V.O.F, Ermelo, The Netherlands). The 
insects were sieved to get rid of feed, and then killed by 
immersing them into liquid nitrogen before processing.
Preparation of tested protein fractions
Frozen insects were ground, freeze-dried, and defatted as 
described by Yi et al. [4]. The proximate composition of 
T. molitor was determined after processing. Defatted T. 
molitor meal of the whole larvae was stored at −20 °C.
Water-soluble and water-insoluble protein fractions were 
obtained by an aqueous extraction according to Yi et al. [4]. 
In short, 1200 mL demineralized water with 2 g ascorbic 
acid was added to 400 g of N2-frozen insects. After blend-
ing for 1 min, the obtained insect suspension was sieved 
through a stainless steel filter sieve with a pore size of 
500 µm. The filtrates and residues were collected. The fil-
trate was centrifuged to yield a supernatant, a pellet, and 
fat fraction. The fat fraction was discarded. Three protein 
fractions were thus obtained: a supernatant (water-soluble 
protein fraction), a pellet (water-insoluble protein frac-
tion), and a residue (water-insoluble protein fraction). After 
freeze-drying all fractions, pellet and residue fractions were 
defatted by hexane extraction (Biosolve, CAS nr. 110-54-3) 
in a Soxhlet apparatus for 6 h. Subsequently, protein con-
tent was determined by Dumas as mentioned by Yi et al. 
[4]. The proximate composition (including fat and protein 
content) of water-soluble and water-insoluble protein frac-
tions was determined after the above-mentioned process-
ing. The extraction procedure was performed in duplicate 
starting twice with a new insect batch.
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Filter‑aided sample preparation (FASP)
FASP was used to prepare protein samples from the three 
protein fractions obtained as described by Lu et al. [17]; 
Wisniewski et al. [18] with some modifications. The pel-
let fractions were washed twice with water to remove solu-
ble protein in pellet fractions before FASP. Peptide meas-
urements were taken by nanoLC-LTQ-Orbitrap XL-MS/
MS (Thermo Electron, San Jose, CA, USA) as described 
by Lu et al. [17]. Results from LC–MS/MS were searched 
by MaxQuant 1.3.0.5 as described by Cox and Mann [19], 
using default settings for the Andromeda search engine 
by Cox et al. [20] except that extra variable modifications 
were set for de-amidation of N and Q.
An insecta database including proteins of T. molitor 
was downloaded from UniProt on July 1, 2014 (taxonomy 
50,557, database size: 1,070,041 sequences). This database 
was used together with a contaminant database that con-
tains sequences of common contaminants (59 sequences) as 
for instance: BSA (P02769, bovin serum albumin precur-
sor), Trypsin (P00760, bovin), Trypsin (P00761, porcin), 
Keratin K22E (P35908, human), Keratin K1C9 (P35527, 
human), Keratin K2C1 (P04264, human), and Keratin 
K1CI (P35527, human). The “label-free quantification” as 
well as the “match between runs” (set to 2 min) options 
were enabled. De-amidated peptides were allowed to be 
used for protein quantification, and all other quantification 
settings were kept default.
Extra filtering and further bioinformatic analysis of the 
MaxQuant/Andromeda workflow output and the analysis of 
the abundances of the identified proteins were performed 
with the Perseus 1.3.0.4 module (available at the Max-
Quant suite) as described before by Smaczniak et al. [21]. 
The proteomics result contained peptides and proteins with 
a false discovery rate (FDR) of less than 1 % and proteins 
with at least two identified peptides of which at least one 
should be unique and at least one should be unmodified 
without any reversed hits.
Total non-normalized protein intensities corrected for 
the number of measurable tryptic peptides [intensity-based 
absolute quantitation (iBAQ)] were, after taking the nor-
mal logarithm, used for further data analysis [22]. These 
“size-corrected” iBAQ intensities are related to the protein 
concentration in the sample. The key words “myosin, actin, 
sarcoplasmic, troponin” were used for searching muscle 
proteins. In addition, family and domain databases (includ-
ing InterPro, Pfam and PRINTS) were used for search-
ing on most relevant proteins to better describe putative 
uncharacterized proteins. A threshold of log 10 (iBAQ) > 7 
was used to select the most abundant non-muscle proteins 
for all fractions.
To confirm a high sequence identity for non-T. molitor 
proteins that were identified as either actin, tropomyosin 1, 
or tropomyosin 2, an alignment was made with the Clustal 
O multiple sequence alignment tool on the UniProt Web 
site. All actin, tropomyosin 1, and tropomyosin 2 sequences 
are shown grouped in Table 2 together with their highest 
iBAQ values obtained for one of the sequences.
In vitro digestion of proteins
Gastric–duodenal digestion of protein fractions from T. 
molitor was simulated by using the method of Vreeburg 
et al. [23] as a basis. The water-soluble/water-insoluble 
protein fraction (4.5 g) was suspended in 30 mL Millipore 
water containing 140 mM sodium chloride (Merck, CAS 
nr. 7647-14-5) and 5 mM potassium chloride (Merck CAS 
nr. 7447-40-7), and vortexed 5 min for homogenizing the 
samples. The pH was adjusted to 2 with 1 M HCl (Merck, 
CAS nr. 7647-01-0). Six grams of the mixture was incu-
bated with 0.667 mL of 40 mg/mL pepsin (Sigma-Aldrich, 
CAS nr. 9001-75-6, 3200-4500 units/mg protein) in HCl 
(0.1 M) during 0, 10, 20, 30, 60, and 120 min at 37 °C 
while shaking. The reaction was stopped by adjusting to 
pH 5.8 using a solution of 1 M NaHCO3 (Merck, CAS nr. 
144-55-8). The mixture was called simulated gastric fluid 
(SGF). After centrifugation (3200g, 4 °C for 30 min), the 
supernatant was stored as gastric digestible protein frac-
tions (GDP). The experiment was performed in duplicate.
Subsequently, three grams of SGF was added to 0.95 mL 
of 4 mg/mL pancreatin from porcine pancreas (Sigma-
Aldrich CAS nr. 8049-47-6) in 0.1 M NaHCO3, and 0.5 mL 
of a mixture of 94.6 mg/mL taurocholic acid sodium salt 
hydrate (Sigma-Aldrich CAS nr. 345909-26-4) and 83 mg/
mL sodium glycodeoxycholate (Sigma-Aldrich CAS nr. 
16409-34-0) in 0.1 M NaHCO3. The pH was adjusted to 
6.5 with 1 M NaHCO3, and the headspace was flushed 
with nitrogen gas. Next, the mixture was incubated in a 
37 °C water bath, while shaking for 2 h. After centrifuga-
tion (3200g, 4 °C for 30 min), this supernatant is further 
referred to as duodenal digestible protein fraction (DDP). 
The experiment was performed in duplicate.
Protein digestion quantification
Free α-amino groups were determined after reaction 
with o-phthaldialdehyde (OPA), following the method of 
Nielsen et al. [10]. An amount of 200 mL OPA reagent was 
prepared by using 7.62 g of sodium tetraborate (Boraxdec-
ahydrate) (Sigma-Aldrich CAS nr. 1303-96-4) and 200 mg 
of sodium dodecyl sulfate (SDS) (Sigma-Aldrich CAS nr. 
151-21-3) in 150 mL deionized water. Besides that, 160 mg 
OPA was dissolved in 4 mL ethanol (Merck CAS nr. 64-17-
5) and added together with 176 mg dithiothreitol (DTT) 
(Sigma-Aldrich CAS nr. 3483-12-3) before adjusting the 
volume to 200 mL. The OPA reagent was freshly made 
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for every experiment. A calibration curve was made using 
l-leucine (Sigma-Aldrich, CAS nr. 61-90-5) ranging from 
0.078 to 10 mM. Absorbance was measured at 340 nm.
Protein digestion was quantified based on determining 
the amounts of free NH2 groups based on Schasteen et al. 
[11] with some modifications. The values for digestibility 
were expressed as the amounts of free NH2 groups digested 
from 1 mg protein. Further, initial free NH2 groups, in 
which “initial” refers to the undigested sample, are pre-
sented separately within all figures. Digestibility values 
were expressed using Eq. 1. “Final” refers to the digested 
protein fractions, and “acid” to complete hydrolysis in 6 N 
HCl, 110 °C for 24 h.
(1)Digestibility = [FreeNH2(final)]/[FreeNH2(acid)]
Sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis
Sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE) was used to determine the molecular 
weight distribution of the insect protein fractions. Undi-
gested and digested fractions were analyzed on 12 % Bis/
Tris NuPAGE gels (Invitrogen, Carlsbad, USA) using MES 
running buffer under reducing conditions. The Mark12™ 
Unstained Standard (2.5–200 kDa) (Invitrogen, Carls-
bad, USA) was applied as a reference. The gels were then 
Coomassie-stained. A standard curve was made by measur-
ing the migration distance of proteins with known molecu-
lar weight (Mw standards). Unknown molecular weights 
were calculated using this standard curve.
Table 1  Proximate composition 
of ground T. molitor and its 
protein fractions (mean ± SD, 
n = 2)
Protein % dry matter (DM) Fat % DM Protein %DM after defatting
T. molitor 52.0 ± 0.9 30.8 ± 0.9 76.5 ± 1.2
Supernatant 56.7 ± 0.8 – 56.7 ± 0.8
Pellet 68.9 ± 1.6 14.5 ± 0.4 80.0 ± 1.6
Residue 69.1 ± 1.6 15.9 ± 1.5 83.1 ± 1.1
Table 2  Identified muscle proteins of defatted and ground whole T. molitor, supernatant and pellet fractions (UniProt: taxonomy 50,557, 
Insecta)
Italicized values: putative uncharacterized proteins identified based on family and domain databases from UniProt. Mol. Weight = molecular 
weight as calculated from the amino acid sequence
Muscle proteins Main UniProt acces-
sion codes [1]
Mol. weight (kDa) Log 10 (iBAQ defat-
ted T. molitor)
Log 10 (iBAQ Pellet) Log 10 (iBAQ 
supernatant)
1 Alpha-actinin-4 P18091_DROME, 
D2A2X1_TRICA; 
E0VM19_PEDHC;
107 5.7 5.8 5.9
2 Actin-like S5M0Y7_BOMMO; 
T1DQP1_ANOAQ
42 6.4 7.2 4.8
3 Tropomyosin 1 D6X4X2_TRICA; 
Q1W295_9HEMI; 
V5GNY3_ANOGL
75.2 6.5 7.2 5.4
4 Tropomyosin 2 V5JDH8_NILLU; 
B7ZGK8_9HEMI; 
D6X4X3_TRICA
32.5 6.9 8.2 5.5
5 Myosin heavy chain V5G100_ANOGL 262 5.8 6.8 3.5










9 Calponin Q1XFP4_ELACU; 
D2A180_TRICA
20.3 6.9 6.7 7.4
10 Putative troponin C A2I491_MACHI 18.4 7.0
11 Troponin 1 C0M4Y2_NILLU 23.8 6.7
12 Troponin T D3TS62_GLOMM 47.3 6.9 6.7 7.1
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Results
The proximate composition of protein fractions
The proximate composition of T. molitor and its protein 
fractions with regard to lipid and protein content was deter-
mined on a dry matter basis (Table 1). The measured crude 
protein content was 52 % in ground T. molitor, 57 % in 
supernatant fraction, and 69 % in both pellet/residue frac-
tions. After defatting the whole T. molitor and its water-
insoluble fractions (pellet and residue), the measured pro-
tein content increased 24 % in ground T. molitor, 11 and 
14 % in the pellet and the residue fraction, respectively. 
Furthermore, the lipid content of ground T. molitor was 
31 % on a dry matter basis. The lipid content of pellet was 
found to be 15 %, similar to that of residue. No lipid was 
found in supernatant fractions.
Identification of proteins from the water‑soluble 
and water‑insoluble fractions of T. molitor
Proteins extracted as water-soluble fraction (supernatant) 
or as water-insoluble fraction (pellet) of T. molitor were 
identified by nano LC–MS/MS analysis (as shown in sup-
plementary file 1). Tables 2 (muscle proteins found in the 
pellet) and 3 (most abundant non-muscle proteins) sum-
marize the proteomics results. There were several types of 
muscle proteins including actin-like (42 kDa), ɑ-actinin-4 
(107 kDa), myosin heavy chain (262 kDa), myosin-2 essen-
tial light chain (16.8 kDa), tropomyosin 1 (75.2 kDa) and 2 
(32.5 kDa), troponin I (23.8 kDa), troponin T (47.3 kDa), 
and putative troponin C (18.3 kDa) identified. Seven types 
of muscle proteins were not only observed in the pellet, 
but were also significantly present (log iBAQ > 3.5) in the 
supernatant fraction, including ɑ-actinin-4 (107 kDa), tro-
pomyosin 1 and 2, and calponin (20.3 kDa).
The insecta database was also used to identify the most 
abundant proteins present in T. molitor based on iBAQ val-
ues (Table 3). The main proteins observed in supernatant 
were: hemolymph protein (a–e), alpha-amylase, two puta-
tive proteinases (28.2 and 27.6 kDa), and a stress related 
protein. Hemolymph proteins, desiccation stress pro-
tein, putative trypsin-like proteinase, and a putative ser-
ine proteinase were also abundantly observed in the pellet 
(Table 3).
In comparison with proteins identified in the superna-
tant fraction, muscle proteins like tropomyosin 1 and 2 and 
actin were more abundant in the pellet (more than 100-
fold). These muscle proteins were not identified as stem-
ming from T. molitor (because they were absent from the 
database used), but from better characterized insects like 
Tribolium castaneum or Glossina morsitans morsitans. For 
the supernatant fraction, most proteins that were identified 
were from T. molitor. However, in the pellet fraction, sev-
eral (non-T. molitor) putative uncharacterized proteins 
were found in a large quantity (iBAQ) among the identified 
proteins (Table 2). According to family and domain data-
bases from UniProt, these putative uncharacterized proteins 
were highly homologue to actin/actin-like and tropomyo-
sin (Supplementary file 2). This information indicates that 
muscle proteins were the most abundant proteins found in 
the pellet. As expected, for defatted and ground T. molitor, 
the same types of proteins were found as in the combina-
tion of supernatant and pellet fractions. Unfortunately, to 
date, the Insecta database is not complete, and therefore, 
proteins not present in the database will have escaped from 
being identified. Ten percent of the recorded MSMS spec-
tra were identified when the Insecta database was used. 
This rather low percentage also indicates that the data-
base is not complete. Also, due to use of an incomplete 
database, intensity values given in Table 2 may have been 
underestimated.
Protein digestibility determination by OPA assay
Using Eq. 1, protein digestibility of the ground T. molitor, 
supernatant, pellet, and residue fractions from gastric–
duodenal digestion was calculated. Protein digestibility of 
defatted and ground T. molitor increased from around 24 to 
39 % with increasing gastric digestion time (10–120 min) 
(Fig. 1a). Subsequently, after 2 h duodenal digestion, pro-
tein digestibility of all fractions obtained after gastric 
digestion increased to values ranging from 33 to 54 %. The 
initial amount of free NH2 group expressed as a percentage 
of total free NH2 was around 11 % in defatted and ground 
T. molitor.
Protein digestibility of supernatant fractions was around 
75 % after gastric digestion and was nearly 85 % after duo-
denal digestion (Fig. 1b). Increasing gastric digestion time 
from 10 to 120 min did not clearly increase protein digest-
ibility of the supernatant fraction. The initial content of free 
NH2 groups expressed as a percentage of total free NH2 
groups was found to be around 33 %.
Protein digestibility of the pellet fraction increased from 
29 to 37 % with increasing gastric digestion time (Fig. 1c). 
Subsequently, protein digestibility after duodenal diges-
tion was around 45 % for pellet. The initial content of the 
amount of free NH2 group as a percentage of total free NH2 
groups was 12 %.
For the residue, protein digestibility increased from 
13 to 23 % with longer gastric digestion time (Fig. 1d). 
Duodenal digestion compared to gastric digestion alone 
increased digestibility values, except for t = 60 min. The 
initial percentage of free NH2 groups in residue was 4 %. 
In comparison with water-soluble protein fractions (super-
natant), proteins in pellet as well as in residue fractions 
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showed relatively lower digestibility after gastric digestion 
and duodenal digestion.
SDS‑PAGE
Reduced SDS-PAGE using 12 % Bis/Tris gels (Fig. 2) 
showed the protein band patterns of ground T. molitor and its 
protein fractions (supernatant, pellet, and residue) after gastric 
digestion (incubating from 0 to 120 min) and subsequently 
followed by duodenal digestion (incubating 120 min).
For defatted and ground whole T. molitor, it is clear from 
the gels that the overall intensity as well as the band pattern 
changed upon digestion time (Fig. 2a, b). The major bands 
of the initial defatted ground whole T. molitor had Mw of 
151, 124, 80, 30–50, 17, 12, and 10 kDa (Fig. 2a). Protein 
bands with Mw of 124 and 151 kDa were not observed 
after gastric digestion (10–120 min) (Fig. 2b). Instead, 
bands appeared in the range of 30–50 kDa, as well as pro-
tein bands at size of <6 kDa. Furthermore, the bands rang-
ing from 30 to 50 kDa remained the same after duodenal 
Table 3  Most abundant non-muscle proteins [+: log 10 (iBAQ) > 7] identified of defatted and ground the whole T. molitor, supernatant and pel-
let fractions (UniProt: taxonomy 50,557, Insecta) as determined by LC–MS/MS
Italicized values: putative uncharacterized proteins identified based on family and domain databases from UniProt. Mol. Weight = molecular 
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digestion. Next to that, a band at around 80 kDa became 
less intense upon increasing gastric digestion time and was 
completely absent after duodenal digestion. The protein 
band at around 12 kDa did not disappear after both gastric 
and duodenal digestion.
Band patterns of the supernatant fraction were in a 
range of <97 kDa, and prominent bands distributed at 
around 58, 45, 40, 30, 19, 13 and 8 kDa (Fig. 2c). Protein 
bands at around 13, 30, 40, and 45 kDa remained not only 
after gastric digestion, but also after duodenal digestion 
(Fig. 2d). The intensity of two bands decreased. A band 
at 58 kDa was absent after gastric–duodenal digestion. A 
single protein band at 8 kDa disappeared, instead “smear” 
bands smaller than 6 kDa appeared, especially after the first 
10 min of gastric digestion.
In the initial pellet fraction, the major proteins were 
visible at 75, 46, 36, 30, 24, 23, 19, 17, and 13 kDa and 
bands of <6 kDa (Fig. 2e). The intensity of the initial pel-
let fraction was lower than that extracted after gastric–duo-
denal digestion, due to its poor solubility during sample 
preparation. The intensity of a band at 75 kDa was slowly 
decreasing with increasing gastric digestion time (Fig. 2f). 
The pattern and intensity of bands ranging from 30 kDa to 
50 kDa remained largely the same after gastric–duodenal 
digestion, which was similar to the trend in defatted ground 
whole T. molitor.
The water-insoluble residue protein fraction was also 
investigated in terms of molecular weight distribution. 
However, the initial residue was not visible when applying 
on the SDS-PAGE gels, due to its poor solubility in water. 
Therefore, the protein pattern of residue extracted after 
gastric–duodenal digestion was present without the initial 
protein bands in residue (Fig. 2g). The protein bands were 
found at round 95–80, 70, 49, 39, 29, 19, 13, and <6 kDa 
after the first 10 min gastric digestion. Most of the major 
bands were visible over the range of 70, 49, 39, 29, 13, and 
strong “smear” bands <6 kDa upon increasing digestion. 
However, several bands at 95–80 kDa were less intense 
with increasing gastric digestion time and subsequently 
disappeared after duodenal digestion.
Discussion
Protein content determined by total nitrogen 
versus amino acid content
Protein content of T. molitor was determined by total nitro-
gen content (Dumas) multiplied by a protein factor of 6.25. 
However, Hall and Schönfeldt [24] stated that the protein 
content as determined by total nitrogen is not accurate 
due to chemical and compositional differences between 
proteins, as well as the presence of non-protein nitrogen. 
Lysine, tryptophan, histidine, and arginine contain addi-
tional nitrogen atoms in comparison with other amino 
Fig. 1  Protein digestibility of the ground T. molitor and its protein 
fractions (expressed according to Eq. 1) after gastric digestion (incu-
bating from 10 to 120 min) followed by duodenal digestion (incubat-
ing 120 min) (mean ± SD, n = 2). a T. molitor, b supernatant, c pel-
let, d residue
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Fig. 2  Band patterns of the ground T. molitor and its protein fractions after gastric digestion (incubating from 10 to 120 min) and subsequent 
duodenal digestion (incubating 120 min) as determined by reduced SDS-PAGE
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acids. It means that if T. molitor contains large amounts of 
these high nitrogen-containing amino acids, the amount of 
nitrogen analyzed would result in inaccurate protein con-
tent. In our previous study of Yi et al. [4], the total amount 
of amino acids found in defatted and ground T. molitor 
was 910 mg/g protein, and such value did not end up to 
1000 mg/g protein which could be explained by the pres-
ence of non-protein nitrogen. Besides, concentrating on the 
influence of side-chain differences between amino acids, 
the sum of total amount of amino group nitrogen could be 
calculated by using the amount of each amino acid divided 
by molecular weight of each amino acid and then multi-
plied by molecular weight of nitrogen. Using the data of 
Yi et al. [4], the rough sum of total amount of amino group 
nitrogen in defatted and ground whole T. molitor is cal-
culated to be 128 mg/g crude protein extract. However, a 
precise value for a protein factor could not be given due to 
the presence of non-protein nitrogen, uncertainties in ash 
content, and occurence of free amino acids as reported for 
other protein sources [25, 26].
Protein digestibility by OPA essay and SDS‑PAGE
Protein fractions of T. molitor were digested more after the 
in vitro duodenal process than after the in vitro gastric pro-
cess (Fig. 1), which is qualitatively confirmed by the inten-
sity of protein bands of SDS-PAGE, except for the super-
natant fraction. Furthermore, strong intense protein bands 
<6 kDa appeared in most fractions, which explains the 
increase of free NH2 groups after gastric–duodenal diges-
tion. Next to that, the initial content of free NH2 in superna-
tant showed a very high value of 33 % in comparison with 
the pellet and residue as determined by OPA essay.
The specific digestibility of soluble versus insoluble pro-
teins by in vitro method has not been reported for T. molitor 
before. However, studies on in vitro digestion of other ani-
mal sources that are used as a whole for fish feed (i.e., fish 
larvae and cod filet) have been reported by Tonheim et al. 
[27]. These authors measured nitrogen content of the TCA-
soluble nitrogen in order to determine protein digestibil-
ity. Alike our results, proteins of water-soluble fraction of 
the live feeds (Artemia and Calanus) were more digestible 
than those of water-insoluble fraction. Similar to our data, 
the initial TCA-nitrogen content of water-soluble fraction 
in Artemia was found to be around 38 %, which can be 
explained by proteolysis. Goptar et al. [28] and Verhoeckx 
et al. [15] mentioned that the major digestive peptidases of 
T. molitor are cysteine peptidases (mainly cathepsin L) and 
serine peptidases (including four trypsin-like and five chy-
motrypsin-like serine peptidases), as well as membrane-
bound amino-peptidase present in the midgut. According to 
Bishop [29], protein autolysis could indeed occur in insect 
body, as was shown for bee larvae. This autolysis occurred 
due to the degradation of muscle or skin protein by endog-
enous enzymes [30]. In addition, Tonheim et al. [27] men-
tioned that autolysis could occur, even though extraction 
took place at low temperature. This could explain the high 
initial content of free NH2 groups found in supernatant of 
T. molitor.
Protein identification by LC–MS/MS, SDS‑PAGE, 
and digestion
Muscle proteins
Myofibrils, the most abundant protein in muscular tissue, 
mainly consist of myosin heavy chain/light chain (~43 %), 
actin (~20 %), and other minor proteins such as, tropomy-
osin (~5 %), troponins (~5 %), and α-actinin (~2 %) [31, 
32]. Myosin heavy chain and light chains from sardines 
(Sardinella longiceps) showed molecular weights of 205, 
31, 23, and 22 kDa [33]; myosin from white mackerel mus-
cle had three light chain subunits with Mw of 26.5, 20, and 
17.5 kDa [34]. Furthermore, Mw of light chains of carp 
ranged between 16 and 26 kDa [35]. The exact molecular 
weights of myosin vary among species. Corresponding to 
myofibril proteins found in T. molitor, myosin heavy chain 
had a molecular weight of 262.3 kDa, and myosin light 
chain of 16.8 kDa, as is shown in Table 2. Further, based on 
the data, myosin heavy chain was presented but not quanti-
fied as a major protein in pellet fractions in Table 2.
Identification and digestion of proteins in pellet fraction
Muscle proteins (especially myofibrillar protein) are clas-
sified as salt-soluble or salt-insoluble fractions [32]. From 
the LC–MS/MS results (Tables 2, 3), proteins were identi-
fied in the water-insoluble protein fraction (pellet), includ-
ing actin, ɑ-actinin-4 (107 kDa), myosin heavy chain 
(262 kDa), myosin-2 essential light chain (16.8 kDa), tro-
pomyosin 2 (32.5 kDa), troponin I (23.8 kDa), troponin 
T (47.3 kDa), and putative troponin C (18.3 kDa). Using 
intensity-based absolute quantification (iBAQ) data as 
quantitative data, those proteins were found in high amount 
in pellet fraction, in comparison with those in superna-
tant or defatted and ground whole T. molitor. Those larger 
amounts of muscle proteins in pellet fraction (especially 
actin and tropomyosin 2) were distributed from 30 to 
50 kDa as determined by LC–MS/MS, corresponding to 
the strong intensity of bands between 30 and 50 kDa in pel-
let as determined by SDS-PAGE. In addition, those bands 
in pellet (30–50 kDa) showed less intensity after duodenal 
digestion than after gastric digestion. Furthermore, these 
muscle proteins (30–50 kDa) could be gradually digested 
with increasing digestion time as observed by OPA results, 
but this was not clearly confirmed by SDS-PAGE. Similar 
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results were found by Santé-Lhoutellier et al. [36] for mus-
cle protein (30–50 kDa) in lamb, and actin (~50 kDa), tro-
ponin T (~44 kDa), and tropomyosin (~40 kDa) were deter-
mined by SDS-PAGE.
In our study, among all muscle proteins identified, 
protein tropomyosin was found as one of the most abun-
dant proteins in pellet (LC–MS/MS). Liu et al. [31] and 
Verhoeckx et al. [15] mentioned tropomyosin not only as 
part of myofibrillar protein, but also as the major allergen 
in fish, shrimp, and crab. Furthermore, tropomyosin in 
pacific white shrimp, as well as in grass prawn was hardly 
degraded by pepsin (in vitro gastric digestion) (from t = 0 
to t = 60 min), but gradually degraded by trypsin and 
α-chymotrypsin (in vitro duodenal digestion) (from t = 0 
to t = 240 min) as determined by SDS-PAGE [31]. These 
findings are in line with the band patterns found at around 
35 kDa in pellet fraction of T. molitor based on SDS-PAGE 
(Fig. 2f). It showed that proteins at around 35 kDa in pellet 
fractions were likely not degraded with time increasing in 
gastric digestion, but still visible after duodenal digestion.
Next to that, actin (~42 kDa) in pacific white shrimp 
was found to be gradually digested by pepsin, as well 
as by trypsin (t = 120 min), and completely digested by 
α-chymotrypsin (t = 120 min). However, according to our 
SDS-PAGE results, the intensity of bands (30–40 kDa) 
identified as actin in pellet fraction (Fig. 2f) was also 
reduced after duodenal digestion in comparison with 
that after gastric digestion, but not completely digested 
(t = 120 min). The different protein band pattern could be 
explained by different positions at which amino acids are 
cleaved in vitro by trypsin and chymotrypsin. It is known 
that pepsin splits proteins to smaller parts which increases 
its accessibility, but does not digest proteins to amino acids 
[5]; trypsin cleaves peptide bonds on the carboxyl side of 
arginine or lysine, and chymotrypsin usually cleaves pep-
tide bonds on the carboxyl side of aromatic amino acids 
(phenylalanine, tryptophan and tyrosine) or leucine [37, 
38].
In comparison with myofibrillar proteins from other 
meat sources, Storcksdieck et al. [39] reported that diges-
tion of myofibrillar protein extracted from fresh beef, 
chicken, lamb, and pork, or frozen cod fillets resulted in 
high amounts of low molecular weight peptides <10 kDa. 
That was based on centrifugation and ultrafiltration through 
10-kDa molecular weight cut-off membranes after using 
pepsin, as well as after using pepsin/pancreatin. The 
amounts of molecular weight peptides >10 kDa were found 
in beef, chicken, cod, lamb, and pork after pepsin only or 
pepsin/pancreatin digestion based on the change of nitro-
gen content [39]. Furthermore, the nitrogen content of all 
meat extracts ranged from 55 to 65 % of total nitrogen after 
using pepsin only, which was slightly lower than the range 
from 66 to 79 % observed after using pepsin/pancreatin 
as determined by the Kjeldahl method (N × 6.25). In our 
study, the values for protein digestibility found in pellet 
ranged from 29 to 37 % by using pepsin only and were 
around 45 % by using pepsin/pancreatin, which is rela-
tively low in comparison with meat extracts as mentioned 
above. Alike our results, a strong “smear” group <6 kDa 
was also observed in the pellet after pepsin digestion. How-
ever, this group of bands remained the same for pepsin 
and pepsin/pancreatin digestion, and showed less intense 
bands by using pepsin/pancreatin (Fig. 2f). Regarding 
the myofibrillar proteins in pellet of T. molitor, the major 
bands remained often the same for in vitro gastric–duode-
nal digestion, although less intense bands were found after 
duodenal digestion.
Identification and digestion of proteins in supernatant 
fraction
In supernatant (water-soluble protein fraction) after gas-
tric–duodenal digestion, major bands were found at 13, 
19, 30, 40, and 45 kDa by using SDS-PAGE, likely corre-
sponding to hemolymph protein (~13 kDa), putative serine 
proteinase (~28 kDa), and alpha-amylase (~50 kDa) iden-
tified by LC–MS/MS. The band at 13 kDa (hemolymph 
protein ~13 kDa) was digested with increasing digestion 
time (t = 120 min) after in vitro gastric digestion. In vitro 
duodenal digestion did not seem to add substantially to 
digestion of this protein. Beside this band, the bands rang-
ing from 20 to 50 kDa show a completely different pat-
tern after duodenal digestion than after gastric digestion. 
Furthermore, in comparison with the initial protein pat-
tern of supernatant, bands with molecular weight >50 kDa 
were hardly observed after gastric digestion or duodenal 
digestion. Proteins at molecular sizes >50 kDa apparently 
could be digested easily by pepsin (t = 10 min). Those 
water-soluble proteins consist of sarcoplasmic proteins as 
a major portion of muscle proteins which consist of gly-
colytic enzymes, myoglobin, and other proteins present in 
intracellular fluid of muscle [40]. As mentioned by Verhoe-
ckx et al. [15], sarcoplasmic Ca-binding proteins in water-
soluble fraction of T. molitor were found at a molecular 
weight of 109.9 kDa. Storcksdieck et al. [39] mentioned 
that sarcoplasmic proteins are easily digested in compari-
son with myofibrillar protein, e.g., nitrogen content after 
digestion was 67 % for chicken, 89 % for beef, 88 % for 
lamb, and 87 % for pork of total nitrogen after pepsin/pan-
creatin digestion. It likely contributed to high digestibility 
of water-soluble protein fraction.
In addition, Verhoeckx et al. [15] reported that putative 
allergens found in water-soluble protein extracted from 
T. molitor contained cationic trypsin (26.5 kDa), arginine 
kinase (40.1 kDa) and tubulin α − 1 chain (50.6 kDa), 
alpha-amylase (51.7 kDa), and ovalbumin-like (43.2 kDa) 
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as determined by LC–MS/MS based on database homology 
with metazoan proteins. In our study, these putative allergic 
proteins could be found in both supernatant and pellet frac-
tion though more abundant in supernatant fraction. Direct 
comparisons of protein digestibility between insect proteins 
and other proteins are difficult because many factors such 
as composition of the digestive fluids used in each step and 
types of enzyme or enzyme concentrations have impact on 
determining absolute digestibility values as reviewed by 
Hur et al. [41].
Proteins in residue fraction
Next to supernatant and pellet fractions, the band patterns 
of the residue were similar to the pellet, but the intensity of 
those bands was lower after duodenal digestion according 
to SDS-PAGE. The initial protein band in residue was not 
found in either LC–MS/MS or SDS-PAGE, due to its poor 
solubility during sample preparation.
Conclusions
This study produced data on protein digestibility of defat-
ted and ground whole T. molitor and its water-soluble pro-
tein fraction (supernatant) and water-insoluble protein frac-
tions (pellet and residue) after in vitro gastric–duodenal 
digestion.
With respect to protein identification and relative quan-
tification as determined by LC–MS/MS, the most abundant 
proteins identified in supernatant were hemolymph protein 
and the putative allergen alpha-amylase, which correlated 
to the band patterns (12 and 50 kDa) based on SDS-PAGE. 
For the pellet fraction, the most abundant proteins were 
muscle proteins, including actin, tropomyosin, and tro-
ponin T, mainly ranging from 30 to 50 kDa, correspond-
ing to the strong intensity of bands (30–50 kDa) based on 
SDS-PAGE. These proteins could be degraded more after 
duodenal digestion than after gastric digestion.
The digestibility of the water-soluble protein fraction 
(supernatant, about 80 %) was higher than that of water-
insoluble protein fraction (pellet 50 % and residue 24 %) 
after in vitro gastroduodenal digestion as determined by the 
OPA essay. High amounts of free NH2 groups in superna-
tant (around 33 %) were found before digestion, which is 
likely due to autolysis. Furthermore, increasing digestion 
time had no clear impact on protein digestibility of super-
natant and impact on protein digestibility of pellet and resi-
due. These findings suggest that the water-soluble protein 
fraction was more easily digested than water-insoluble pro-
tein fraction found for gastric and duodenal digestion. This 
study gives insight into the bulk protein composition of T. 
molitor and the in vitro digestibility, thereby contributing 
to knowledge needed for future food applications of this 
insect species. Overall, we conclude that a major gap in 
knowledge is filled concerning protein composition of an 
insect like T. molitor and its digestibility. The findings are 
helpful in addressing the question whether or not insect 
proteins are a promising new source of food proteins.
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